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ABSTRACT

Mesoporous WO3 powders were prepared via sol-gel processing synthesis using nonionic
surfactant Pluronic (P-123) as the template. The influences of heating temperature on the pore structure and
properties of WO3 powders were investigated. Three kinds of modifications were compared and evaluated
after finding out the best heating condition. Different amount of lanthanum was doped into mesoporous
WO3 to improve its Oxygen Reduction Reaction (ORR) activity. Several factors contributing to the increase
of catalytic performance were discussed. Vulcan carbon powder was also used as a support to increase the
catalysts’ electrical conductivity as well as dispersity. The component, microstructure and specific surface
area of samples were characterized by X-ray diffraction (XRD), transmission electron microscope (TEM)
and N2 adsorption-desorption analysis. A three-electrode system with a rotating disk electrode (RDE) was
used to detect samples’ electrochemical performance towards ORR in alkaline solutions. The as-prepared
mesoporous La/WO3 powder with a ratio of La: W = 1: 10, calcined at 550℃ and supported by 25 wt%
Vulcan carbon powder, exhibited highest ORR catalytic activity.
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CHAPTER 1: INTRODUCTION

Since the United Nations adopted the "Kyoto Protocol" in 1997, the concept of "carbon emission
rights" has drawn increasing attention from all nations. How to reduce carbon emissions becomes one of
the most important themes of this century. Land vehicles have always been a major item of petroleum
consumption, which makes promoting the reform of new energy vehicles the trend of times. Hybrid electric
vehicles (HEV) have been gradually accepted by the public during last decades, however, it is only a
transitional product. In 2008, Tesla launched the first pure electric vehicles (EV) Roadster. Nine years later
they developed electric semi. On the other hand, Toyota also announced the launch of its Mirai, a
production-version hydrogen fuel cell vehicle (FCV) in late 2014. Surprisingly, they even opened relative
patent, demonstrating their determination to commercialize fuel cells. A battery revolution seems to be
slowly brewing.
The clash between these two factions is exciting, with lithium batteries taking an edge over its
leading infrastructure and lower costs, and fuel cells dominate with faster charging speeds and longer range.
However, from the perspective of energy efficiency, the electricity used by EVs comes from power stations.
The thermal energy conversion efficiency is only about 30%, and that of nuclear power is 40%, well below
the fuel cells, which have up to 85% of the value[10]. In the long run, FCVs seems to be the best solution for
future transportation.
Since the fuel cell was invented, it has attracted much attention by its considerable advantages such
as high energy conversion rate, low noise, and environmental friendly. It is known as one of the best
solutions to solve the oil dependence of motor vehicles. However, this technology still has a lot of
difficulties in cosmically commercial application. On the one hand, the overpotential at the onset of the
oxygen reduction reaction(ORR) is too high.
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Figure 1. Structure diagram of proton exchange membrane fuel cells
A basic structure of proton exchange membrane fuel cell schematic is shown in Figure 1. Hydrogen
is introduced into one side and oxygen (or air) is introduced into the other side. The middle part is separated
by a proton exchange membrane which allows protons only to pass through. Hydrogen oxidizes at the anode
to release electrons, the remaining protons cross the membrane and combine with oxygen, which is reduced
at the cathode, into water molecules. The reaction is as follows:
2H++2e-

Anode (+): H2
Cathode (-): O2+4H++4e-

2H2O

At present, efficient catalysts for the anodic hydrogen oxidation reaction have already been found
by researchers, while that for the cathode oxygen reduction reaction has not been found yet. The main
reason is that the oxygen reduction reaction is a four-electron transfer, multi-step electrochemical reaction,
which has a relatively high initial overpotential as well as a slow reaction kinetics. At the best Pt-based
electrocatalysts available so far, the overpotential is still higher than 0.25 V[1], which makes the kinetics for
oxygen cathode quite slow and limits the output power as well as the energy efficiency of batteries. More
2

amount of catalysts is needed to make up this problem. On the other hand, as a kind of noble metal, platinum
costs high and limits in reserves. This also become a bottleneck of the industrialization of fuel cells. Finding
a non-precious metal catalyst as a succedaneum seems to be the general trend.
Tungsten oxide (WO3), a kind of n-type semiconductor, is one such promising electrode material
for fuel cells[2]. Irrespective of the technique employed for WO3 film fabrication, the main challenge is to
acquire control over the oxide nanostructure[3]. In this regard, wet chemistry routes like sol-gel processing
become researchers’ focal point because of its less capital intensive as well as the ability of easily tailoring
film microstructure. This method permits the formation of periodic nanostructures comprising the precursor
and the surfactant. Followed by surfactant removal through calcination at an appropriate temperature or
solvent extraction, an ordered arrangement of nanoparticles and pores is left behind[4-5]. Mesoporous
morphology formed in such synthesis is most conducive for rapid ion insertion-extraction process.
During recent decades, sol-gel processing of WO3 with Pluronic (P-123) has been well reported by
W. Cheng[6], A. Cremonesi[7] et al. T. Brezesinki[8] and S.H. Lee[9] have complemented epitaxial methods
to grow mesoporous WO3 without high calcination temperature, considering that high temperature may
result in destruction of the regular pore structure and consequently loss of electrochromic activity. However,
there is still a gap in the study of the exact impact of calcination temperature on WO3 and its causes. Based
on this fact, sol-gel processing was chosen to synthesize mesoporous WO3. The effect of heating
temperature was studied. Three kinds of modifications based on the methods reported by K. Villa[19], Y.
Lu[20] and D. Choi[21] were tried and compared to select the best W-based catalyst towards ORR activity.
Furthermore, the activities of mesoporous La/WO3 catalysts with varying La: W ratios were
investigated for ORR activity in alkaline solutions. X-ray diffraction (XRD), transmission electron
microscopy (TEM) and N2 adsorption-desorption analysis were used to characterize the samples and help
better understanding the structural modifications after different treatments, which may provide a guide for
future inquiry.
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CHAPTER 2: EXPERIMENTAL METHODS

2.1 Materials
All the materials used in the experiment were utilized as supplied by the manufacturer. Table 1
shows the reagents used in this study and their purity.
Table 1. Properties of reagents
Reagent
Formula

Supplier

Purity

Pluronic

(C3H6O·C2H4O)X

Sigma-Aldrich

Premium

Tungsten Chloride

WCl6

Sigma-Aldrich

99.9+%

Tungsten Oxide

WO3

Acros Organics

99+%

Ethyl Alcohol

C2H6O

Sigma-Aldrich

99.5+%

Acetone

CH3COCH3

Sigma-Aldrich

99.9+%

Isopropanol

C3H8O

Sigma-Aldrich

99.5+%

Nafion

C9HF17O5S

Sigma-Aldrich

~5%

Lanthanum Nitride

La(NO3)3·6H2O

Alfa Aesar

99.99%

Nickel Chloride

NiCl2·6H2O

Alfa Aesar

99.3%

DMF

C6H8O4

Sigma-Aldrich

99.9+%

PVP

(C6H9NO)X

Sigma-Aldrich

-

CTAB

CH3(CH2)15N(CH3)3Br

Alfa Aesar

98%

Ammonia

NH3

Airgas

99.99%

Oxygen

O2

Airgas

99.99%

Nitrogen

N2

Airgas

99.99%

Carbon Monoxide

CO

Airgas

99%

Potassium Hydroxide

KOH

J.T Baker

88.2%

Vulcan XC72

C

Cabot

Premium
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2.2 Synthesis of Samples
2.2.1 Synthesis of Mesoporous WO3
To prepare mesoporous WO3, the tungsten-Pluronic precursor (labeled as W-P precursor) needs to
be prepared first[11]. 10 g Pluronic (P-123) and 100g anhydrous ethanol were mixed and stirred until P-123
was totally dissolved. 1 mmol WCl6 (0.396 g) was added to the solution and kept stirring for another 30
min. The solution turned yellow (Figure 2a) and then left open in a beaker, heated at 40℃ for 7 days. The
solution became dark blue gel (Figure 2b), which is the W-P precursor.
After that, W-P precursor was calcined by VULCAN 3-550 furnace in air at 400/550/700/820℃
for 4 hours and then cooled naturally to room temperature. Mesoporous WO3 was obtained then. Basically,
WO3 calcined at 400℃ exhibits black and when calcined over 500℃ it exhibits yellow (Figure 2c). The
samples are labeled as WO3-400, WO3-550, WO3-700 and WO3-820.

Figure 2. Mesoporous WO3 synthesis stages. a) the yellow solution after stirring, b) the dark blue gel after
7 days heat, c) mesoporous WO3 powder calcined at 400/550/700/820℃ from left to right

5

2.2.2 Synthesis of Modified WO3
In the same process of preparing W-P precursor as above, the same amount of reactant was used
except that followed by adding WCl6 0.05 mmol La(NO3)3.6H2O (21.7 mg) was added to the solution. After
heating the solution at 40℃ for 7 days and then calcining it at 550℃ in the air for 4 hours, La/WO3 was
obtained. The atomic ratio of La: W was 1: 20. The mass of La(NO3)3.6H2O was also changed to 43.3 mg
and 86.6 mg to get La/WO3 with atomic ratios of La: W 1: 10 and 1: 5, respectively. The samples are labeled
as La/WO3 1: 20, La/WO3 1: 10 and La/WO3 1: 5.
In a typical synthesis of strongly coupled Ni/WO3 hybrid catalyst, NiCl2 (4mg) was mixed with 10
mL of DMF and 2 mL of ethyl alcohol. Then CO was introduced at room temperature under vigorous
stirring for 15 min. The [Ni2(μ-CO)2Cl4]2- intermediate was obtained. 42 mg of as-prepared WO3-400, 50
mg of PVP and 50 mg of CTAB were added to the solution and stirred for another 15 min. The resulting
mixture was then heated at 180℃ for 30 min before cooling down. The colloidal product was washed with
an ethanol: acetone 1:1 mixture and centrifuged for several times. Finally, the strongly coupled Ni/WO3
hybrid catalyst was obtained[20].
WN was synthesized by annealing the as-prepared WO3-400 in the atmosphere of NH3 gas at 570℃
for 3h. The flow rate was 15 ccm and THERMOLYNE 21100 tube furnace was used for annealing.
2.3 Electrochemical Measurement
A material’s catalytic performance in oxygen reduction reaction (ORR) is a significant perimeter
to evaluate its electrochemical properties. In an ORR testing system, it is required to supply reactant to the
electrode and remove product at the same time to maintain a continuous conversion from reactant to product.
To solve this problem, the rotating disk electrode (RDE) technique is widely used. It features at its rotating
structure, which can act like a pump based on the convection of liquid to pull the electrolyte upward, allow
reactions happen on the surface of the electrode, and then throw the product (O2-) as well as hypoxia
electrolyte outward (Figure 3). A three-electrode system was also used, including a counter electrode and
a reference electrode, so that cyclic voltage can be obtained to test the onset and other parameters of
catalysts.
6

Figure 3. The schematic of rotating disk electrode system
2.3.1 Work Station Set Up
The catalytic performance of WO3 in ORR was studied with Gamry Instruments Framework using
an RDE. The electrode carrying the sample has a Teflon shell and a glassy carbon core, whose diameter is
5 mm and area is 0.196 cm2. A Pt electrode was used as counter electrode and a saturated calomel electrode
(SCE) was used as reference electrode. The electrolyte used in the test was 1 mol/L KOH.
2.3.2 Electrochemical Sample Preparation
2.0 mg of sample was dispersed in 500 μL isopropanol, 500 μL DI-water and 10 μL Nafion (1 wt%)
by sonicating for 30 min. 10 μL of sample was slowly dropped onto the electrode and dried in air. After
that, another 10 μL of sample was dropped and dried.
In the second stage of the experiment, 0.5 mg (25 wt%) of the sample was replaced by Vulcan
carbon powder, which acted as a support. The mixture was then dispersed in 500 μL ethyl alcohol, 500 μL
DI-water and 10 μL Nafion (1 wt%). The following steps remained the same.
7

2.3.3 Testing Process
High-purity nitrogen was first introduced into the electrolyte for 20 min to remove all the dissolved
oxygen. Then cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were tested to obtain the
baseline. The rotating speed of the electrode was 1600 rpm. The scan rate was 50 mV/s for CV and 5 mV/s
for LSV. The scan range was from -0.8 V to 0 V. After that, high-purity oxygen was introduced into the
electrolyte for 10 min. The solution could be regarded as oxygen saturation state. During the test, oxygen
is continuously supplied to the upper surface of the solution to reduce the influence of bubbles on the
stability of electrode. LSV was tested at the beginning and after 20/100 potential cycles of CV.
2.3.4 Calculation of Scan Range
The relationship between the reversible hydrogen electrode (RHE) and the saturated calomel
electrode potential is as follows:
E(RHE) = E(SCE) + E(SCE vs NHE) + 0.0591pH ·······(1)
It is already known that under standard atmospheric pressure and room temperature, hydrogen
would be evolved when the electrode potential is below 0 V, and oxygen would be evolved when the
electrode potential is above 1.23 V. Therefore, in our electrochemical measurement, E(RHE) was required
to be in the range of 0-1.23 V. E(SCE vs NHE) represents the potential difference between saturated calomel
electrode and normal hydrogen electrode. This value equals to 0.24 V at 298 K. Furthermore, in the 1 mol/L
KOH solution the pH equals to 14. Then the range of E(SCE) was calculated to be from -1.067 V to 0.163
V. The scan range should be as a subinterval of it so -0.8 – 0 V was determined at last.
2.4 Characterization
2.4.1 X-ray Diffraction (XRD)
X-ray diffraction(XRD) is usually used to study the composition, structure or morphology of the
atoms inside the material. The phase and structure of mesoporous WO3 powders were characterized by Xray diffraction (Bruker/D8 Advance) using Cu anode target(λ=1.5418 Å), tube voltage 40 kV, tube current
40 mA, scanning range 10-90°. The crystallize sizes can be calculated by Bragg’s law[14]:
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d

n
2sin

·······(2)

where d is the interplanar distance, λ is the wavelength of the incident beam, n is a positive integer and
usually taken as one, θ is the scattering angle. While for crystal mean grain size less than 200 nm[12], the
Scherer’s formula is preferred [13]:

D

k
·······(3)
 cos

where D is the grain size, k is a shape factor (0.89) and β is the full width at half maximum.
2.4.2 Transmission Electron Microscopy (TEM)
TEM studies of WO3 powders were performed in an FEI Morgagni transmission electron
microscope with a 1.4 MPixel sidemount camera and a 16.7 MPixel bottom mount camera, accelerating
voltage 200 kV. A line resolution of 0.102 nm and 25°diffraction angle were used to obtain a detailed
structure of samples. The maximum magnification used in the characterization is 1.2 million X.
2.4.3 N2 Adsorption-Desorption Analysis
The specific surface area of the sample was calculated from N2 physisorption Brunauer-EmmetTeller (BET) equation with an automated gas sorption analyzer (Quantachrome instruments), based on the
data obtained within pressure range P/P0 = 0.05-0.3. With the same instrument, Barrett-Joyner-Halenda
(BJH) method was used to evaluate the pore size distribution and Density Functional Theory (DFT) was
used to evaluate pore width of samples. He gas was used to test the void volume, whose radius is only 0.13
nm and is able to enter ultrafine hole where N2 molecules cannot enter.
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CHAPTER 3: RESULTS AND DISCUSSION

3.1 Selection of Heating Temperature
XRD patterns of WO3 calcined at 400°C, 550°C, 700°C and 820°C are shown in Figure 4, which
is consistent with increases both in the size of nanocrystals and in the crystallinity of WO3 with increasing
calcine temperature[10]. The XRD spectrum of all four samples have almost same peak position and intensity,
indicating that the composition remains still under different temperatures in the range of 400-820°C. It is
also noticed that WO3-400 exhibits a tiny single peak at 24.1°and 34.5°while calcining the sample at 550°C
resulted in a split of these two peaks. Further increase of thermal-treatment temperature (700/820°C) led to
sharper peaks and higher intensity in these two positions, which evidences further crystallinity of
mesoporous WO3.
On the other hand, the crystal structure of WO3 samples can be determined from XRD patterns.
The highest intensity peak is observed at around 26.5°indicating (012) reflection plane for each sample.
The lower intensity peaks corresponding to (111), (220), (200) reflection planes are observed too. This
sequence of reflection plane shows an orthorhombic crystal structure of β-WO3, which is consistent with
the theoretical model[15]. Basically, mesoporous WO3 calcined at 820°C should have a tetragonal crystal
structure (α-WO3), different from the result obtained. Taking the fact that 820°C is very close to the critical
temperature 740°C into account, most of the components may remain its phase as β-WO3 if the calcination
temperature is only a bit higher than 740°C. Furthermore, α-WO3 is not very stable among all the phases of
WO3, a recrystallization may occur in the cooling process. As a result, though 820°C is higher than the
critical point, WO3-820 still exhibits an orthorhombic crystal structure. There are some extra peaks which
cannot be characterized as WO3 reflection planes. The appearance of them may due to the environmental
disturbances.
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Figure 4. X-ray diffraction of WO3 calcined at different temperatures.

Figure 5. N2 adsorption-desorption isotherms. Isotherms of mesoporous WO3 calcined at 400/550℃ and
La/WO3 mol ratio = 1:20/1:10.
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The specific surface area is measured by BET theory, which was first proposed by Stephen
Brunauer, Paul Hugh Emmett, and Edward Teller in 1938[18]. Based on Langmuir monolayer molecular
adsorption theory, BET theory extends to multilayer adsorption by adding two hypotheses: (1) solid surface
is uniform and multilayer adsorption can occur, (2) the adsorption heat of each layer is equal to the heat of
liquefaction of the adsorbate except for the first layer. The BET equation is given below:

1
c 1 p
1

( )
·······(4)
v[( p0 / p)  1] vm c p0
vm c
where p and p0 are the equilibrium and the saturation pressure of adsorbates at the temperature of adsorption,
v is the adsorbed gas quantity, vm is the monolayer adsorbed gas quantity, c is the BET constant.
Figure 5 shows the N2 adsorption-desorption isotherms of the mesoporous WO3 with different
calcination temperatures. It is found that WO3-550 exhibits type-IV isotherms with a type-H3 hysteresis
loop, which means this is a mesoporous material and has an aggregate of layered structures. On the other
hand, WO3-400 exhibits an intermediate state between type-II and type-IV isotherms with an open
hysteresis loop. One possible reason for the phenomenon is that the calcination temperature is not high
enough or longer time is needed under 400°C, resulting in the presence of P-123 residue in the product. The
existence of P-123 decreases the pore size of WO3 and makes it more like microporous materials, while the
viscosity of P-123 leads to an irreversible adsorption so that the hysteresis loop is open. The surface area
of WO3-400 and WO3-550 calculated by BET method is 7.7 m2/g and 11.4 m2/g, respectively. When the
calcination temperature gets even higher, the pore volume, as well as surface area will decrease because of
the crystallinity increase of WO3, as reported by Fei Shi[11]. This trend is also consistent with the sharper
peaks near 26°and 33°in the XRD graph (Figure 4).
Transmission electron micrographs of mesoporous WO3 are presented in Figure 6. WO3-400
exhibits a lower conductivity and a more closed surface because of the existence of P-123 residue. WO3550 exhibits a structure of multi-layers, corresponding to the analysis of N2 adsorption-desorption isotherms.
The size of layers are irregular, which may be caused by the environmental disturbances in the synthesis.
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Figure 6. TEM images of mesoporous WO3. a) WO3-400, b) WO3-550.
A material’s catalytic performance in Oxygen reduction reaction (ORR) is a significant perimeter
to evaluate its electrochemical properties. Figure 7 shows the RDE Volt-Ampere characteristics diagram of
WO3 samples calcined at 400°C, 550°C, 700°C and 820°C. The onset potential, half-wave potential and
limiting current, which can be read from the diagram, are the important basis to determine the catalytic
activity in ORR as a catalyst. Basically, a higher onset potential, half-wave potential and limiting current
(take the absolute value since the plus or minus characteristic only represents current direction) indicate
better catalytic performance. As we can see, all the samples exhibit an ORR onset in the range of 0.8~0.85
V, among which WO3-550 shows the highest onset 0.827 V. While their limiting current varies much more
greatly, which indicates that the O2 diffusion is relatively different for different samples. Obviously, WO3550 also shows the highest limiting current 1.63 mA/cm-2.
In view of the fact that the selection of onset potential points is relatively difficult to decide, the
half-wave potential also plays an important role in the judgment of catalytic performance. The assessment
showed that half-wave potential of WO3-400, WO3-550, WO3-700 and WO3-820 are around 0.683 V, 0.708
V, 0.706 V and 0.703 V, respectively.
In general, all four samples’ activity toward ORR increases in the order WO3-700 < WO3-820 <
WO3-400 < WO3-550. The trend in ORR activities of WO3 under different calcination temperatures reflects
13

that keeping increasing the temperature can’t always provide better catalytic performance in alkaline
solutions. A too low temperature (400°C) may make the reaction uncompleted and have residue of polymer
left, while a too high temperature (700/820°C) may lead to the collapse of mesopores and drop the ORR
activity rapidly. As a result, WO3 calcined at 550°C can be regarded as the best catalyst among all these
materials and 550°C will be used as a regular calcination temperature in the following studies.

Figure 7. V-A diagram of WO3 samples calcined at different temperatures. 1M KOH, 1600rpm, after 270
cycles of CV.
3.2 Comparison of Three Kinds of Modifications
K. Villa[19] and X. Zhu[22] reported the positive effect of La in mesoporous WO3 for photocatalytic
performance. In this research La was added to mesoporous WO3 to see if La can also improve its
electrochemical activity. Y. Lu[20] developed a strongly coupled Pd tetrahedron/tungsten oxide nanosheet
hybrid nanomaterials (Pd/W18O49). However, the Pd they used is still a kind of precious metal and is not
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good for commercialization. Attempts were made to replace Pd with Ni, which has very similar electronic
structure. Besides, tungsten nitride shows a possible potential for electrochemical response according to D.
Choi’s research[21]. Thus WN was also synthesized using mesoporous WO3 as a precursor.
The crystal structures of all three samples were characterized by X-ray diffraction. As can be seen
from Figure 8a, the diffraction pattern of La/WO3 is almost the same as that of mesoporous WO3, probably
due to the small amount of La and its dispersion on the surface of WO3. While Ni/WO3 shows tiny peaks
around 24°and 34°different from the signals of WO3, which could be assigned to the (111) and (200)
crystal facets of Ni. On the other hand, WN shows quite a pure phase with only (111) and (200) crystal
facets.
Figure 8b compares the ORR polarization curves for all three materials, including that for WO3550. It is found that both of WN and La/WO3 exhibit better onset and limiting current than WO3-550. These
two kinds modifications may further increase the specific surface area and pore volume of WO 3.
Surprisingly, Ni/WO3 shows much worse ORR activity. The reason could probably be that the intermediate
[Ni2(μ-CO)2Cl4]2- cannot be formed well by introducing CO to the NiCl2 solution. Although Ni has a similar
electronic structure to Pd, the outer 4 Cl- ions of [NiCl4]2- are in sp3 hybridization while these of [PdCl4]2are in dsp2 hybridization. It seems that La/WO3 has the best ORR activity in alkaline solutions so it was
chosen for further investigation on the influence of the amount of La.

Figure 8. XRD images and ORR polarization curves of modified WO3 catalysts.
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3.3 Effect of Vulcan Carbon Powder
The effect of Vulcan carbon powder was also studied in the process of coating the electrode with
as-prepared catalysts. Figure 9 shows the change of ORR activity after replacing 25wt% of WO3-550 and
La/WO3 1:10 by Vulcan carbon powder, respectively. It can be obviously seen that both of the onset and
limiting current have a great promotion. The catalytic performance of Vulcan carbon powder only was also
included. It has similar onset to that of mixtures but worse half-wave potential and limiting current, which
confirms that La/WO3 and Vulcan carbon powder both play a role in the catalytic process. Compared to
mesoporous WO3 powder, Vulcan carbon powder is in the form of the sphere and has a much larger surface
area up to 250 m2/g[23]. The existence of Vulcan carbon powder can help WO3-550 and La/WO3 to be better
dispersed. It may also improve the conductivity of La/WO3 and make electrons transfer more efficiently.

Figure 9. ORR polarization curves with/without Vulcan carbon powder. of a) WO3-550, b) La/WO3 1: 10
calcined at 550°C without or with 25wt% Vulcan. The performance of Vulcan itself was also included.
3.4 Characterization of La/WO3 Catalysts
The XRD profiles of La/WO3 catalysts are shown in Figure 10, which also includes the diffraction
pattern of pure mesoporous WO3. Basically, no shift in the WO3 characteristic peaks can be observed in the
graph. Compared with pure WO3, La/WO3 1:20 shows no difference due to the low concentration of La.
Considering the ionic radius of La3+ (106.1 pm) is much larger than that of W6+ (62 pm)[25], the former one
is likely to be interstitially dispersed on the surface of mesoporous WO3. When the doping ratio reaches to
1: 10 or higher two extra tiny peaks located at 28°and 45°were observed, which was confirmed to be the
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characteristic peaks of La2O3. The constancy of main part of the diagram reveals that the phase of WO3
wasn’t changed by adding La. The result indicates that La particles are located in the interstitial site and in
the form of La-O-W bond instead of entering into the crystal lattice of WO3[24].
The mean crystallite size of the La/WO3 and pure WO3 catalysts was calculated by the Scherrer
equation[29], the calculations are shown in Appendix B. The lattice parameters of samples were calculated
by software MDI Jade 6 using the Rietveld method[16]. The results are listed in Table 2. Pure WO3 was
matched with WO3 (PDF 40-1096) and the WO3 particles in La/WO3 were matched with WO3 (PDF 201324). The calculated mean crystallite size of the samples increases when the amount of La was increased.
This trend was also observed in lattice parameters. It indicates that the existence of La has the effect of
expanding WO3 particles size. Possible reasons could be more surface defects caused by the introduce of
La, and the formation of La-O-W bond which was also reported by A. Okte[30].

Figure 10. XRD of pure mesoporous WO3 and La/WO3 catalysts. All calcined at 550°C.
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Table 2. Mean crystallite sizes and lattice parameters calculated for the WO3 and La/WO3
WO3
La
D/nm

a/Å (a, b, c)

D/nm

a/Å (a=b, c)

Pure WO3

0.235

7.51, 7.54, 7.52

-

-

La/WO3 1:20

0.318

7.38, 7.51, 3.85

0.406

4.51, 4.48

La/WO3 1:10

0.448

7.36, 7.56, 3.85

0.524

4.51, 4.52

La/WO3 1:5

0.802

7.50, 7.52, 3.88

0.605

4.52, 4.50

Detailed transmission electron micrographs of La/WO3 1: 10 catalysts are displayed in Figure 11.
La/WO3 catalysts mesostructure is highly crystalline. In the image of 200 nm scale, we can see there is
some kind of layered morphology in case of La/WO3, which shows no difference from mesoporous WO3.
The darker area should be clusters of La atoms as well as La2O3. According to the high-resolution TEM
(HRTEM) image, the atoms are out-of-order in the mesostructured framework but rather uniform in
diameter, which may be resulted from confined growth in the channels of the Pluronic template[17]. The dspacing of WO3 is estimated to be around 3.33 Å, corresponding to the WO3 (111) crystallographic plane.
On the other hand, it is difficult to estimate the mean particles sizes of La due to the particles agglomeration
and overlap.
The HRTEM image also shows that the arrangement of particles are not uniform, which indicates
that the grain growth is inhibited frequently. A large amount of pores can be found on the grain and between
grains in La/WO3 catalysts. One possible reason might be the dispersion of La at the interface between
grains, blocking their direct connections. Compared with mesoporous WO3, La/WO3 1: 10 particles are able
to exhibit better dispersity and more active sites. Besides, it was verified that smaller size of particles also
leads to a higher recombination rate benefitting from the short distance between the bulk and the surface of
the material[26].
A thinner wall thickness was observed after doping La as well. This result corresponds to the
increase of specific surface area and pore volume analyzed by the N2 adsorption-desorption isotherms in
the next paragraph.
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Figure 11. TEM images of La/WO3 1:10. a) 200 nm scale, b) 2 nm scale.
Figure 5 also includes the N2 adsorption-desorption isotherms of La/WO3 1: 10 and La/WO3 1: 20.
All the La/WO3 samples exhibit reversible type-IV isotherms with type-H3 hysteresis loop, which is one
of the main characteristics of mesoporous materials[17]. The specific surface area of samples calculated by
BET method is 31.0 m2/g (1: 20) and 24.6 m2/g (1: 10), showing a 172% and 116% increase over WO3-550.
Their pore volume is 0.037 cc/g and 0.029 cc/g, also larger than WO3-550. This great promotion might
result from that the introduction of La can help narrowing the grain size, corresponding to the analysis of
TEM images above. But only this reason may not contribute so much to the increase of specific surface
area. The existence of La is possible to create more defects on the surface of mesoporous WO3[27]. Thinner
wall thickness could be another reason according to the report of P.I. Ravikovitch’s[28].
It is found that La/WO3 1: 20 has larger surface area than La/WO3 1: 10. This result verifies the
trend of lattice parameters calculated from XRD patterns. La can decrease the crystal size of WO3 to a
certain degree. However, the continuous increase of La will reduce the effect of expanding the surface area.
It is reasonable that there exists a critical concentration of La over which the specific surface area of
mesoporous WO3 cannot be increased any more. X. Zhu developed an explanation that pure WO3 particles
are uniform discoid at the very beginning, it will then be broken gradually when the doping amount of La
is less than 30 mol%[22].
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The cyclic voltammetric (CV) curves of the mesoporous La/WO3 with varying ratios are shown in
Figure 12a. All CV curves exhibit peaks at the 0.25–0.6 V potential window corresponding to the oxygen
diffusion on WO3, being these peaks more evident for the materials with higher La load. Linear sweep
voltammetry (LSV) curves of La/WO3 catalysts are given in Figure 12b. That of pure WO3 (WO3-550) is
also included to make a comparison. Their catalytic parameters are listed in Table 3.
It is shown that all three La/WO3 exhibit different degrees of improvement compared with WO3550. While La/WO3 1:10 shows an obvious promotion of 0.083 V and 0.54 mA·cm-2 in onset and limiting
current, respectively. Apart from the influence of La on the specific surface area of WO3, it is likely that La
also improves the electronic structure of WO3, considering the fact that La/WO3 1:20 has larger surface
area while La/WO3 1:10 shows better ORR activity. Both of WO3 and La produce a synergistic effect and
markedly increase the catalytic activity. Generally, the influence factor function of the amount of La should
be a combination of a positive correlation curve and a negative correlation curve.

Figure 12. Electrochemical measurement curves. a) Cyclic voltammetry and b) Linear sweep voltammetry
of La/WO3 catalysts with varying ratios
Table 3. Onset, half-wave potential and limiting current for the studied La/WO3 catalysts
Onset/ V
Half-wave potential/ V
Current density/ mA cm-2
WO3 -550

0.840

0.712

1.68

La/WO3 1: 20

0.886

0.763

1.82

La/WO3 1: 10

0.923

0.790

2.22

La/WO3 1: 5

0.840

0.735

1.85

20

3.5 Stability of La/WO3 Catalysts
An aging test protocol at scanning rate 50 mV/s was used to evaluate the stability of mesoporous
La/WO3, comprising 100 cycles in the ORR region (0.2 – 1.2 V). The polarization curves for the ORR of
the La/WO3 with different La: W radios at the beginning and after 20/100 cycles in the ORR potential
window are shown in Figure 13. The rotating speed of the electrode is 1600 rpm. As we can see, at the end
of this aging protocol, the limiting current of La/WO3 1:20 and 1:10 catalysts dropped to around 80% and
85% of their initial values, respectively. However, the La/WO3 1:5 catalyst dropped down to only 55% of
its initial value. Keeping increasing the amount of lanthanum doesn’t always increase the ORR activity of
WO3, but may lead to a fast decay after a critical point around 10 mol%.

Figure 13. ORR polarization curves of La/WO3 catalysts. a) La/WO3 1: 20, b) La/WO3 1: 10 and c) La/WO3
1: 5 at the beginning and after 20/100 cycles between 0.2 – 1.2 V. Curves were obtained at 5 mV/s.
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CHAPTER 4: CONCLUSIONS

In this work, mesoporous WO3 was synthesized by sol-gel processing. Influence of calcination
temperature on the physical and electrochemical properties was studied by controlling synthesis conditions.
It turns out that WO3 calcined at 550°C shows best catalytic performance in oxygen reduction reaction
within the range 400-820°C. 400°C was verified to be too low for the synthesis, which would lead to a
residue of P-123. XRD patterns of WO3 revealed its orthorhombic crystal structure in this calcination
temperature range. TEM images helped us study morphology and particle changes under different
temperatures. A decrease in the specific surface area of mesoporous WO3 with the increase of temperature
(over 550°C) was observed in N2 adsorption-desorption analysis. A too high temperature will lead to the
collapse of mesopores in WO3.
It was also confirmed that adding lanthanum to WO3 can greatly promote its specific surface area
and also improve its electronic structure, subsequent improvement in the ORR activity. However, the
promotion effect will decrease with the increase of the amount of La due to the increase of lattice parameters.
On the other hand, the existence of La2O3 and La-O-W bond can also promote the ORR activity of WO3.
Generally speaking, the total relationship between the amount of doped La and the catalytic performance
of La/WO3 could be a combination of a positive correlation curve and a negative correlation curve. La/WO3
1: 10 was found to exhibit the highest ORR catalytic activity. Besides, the existence of Vulcan carbon
powder can increase the conductivity of catalysts, which may become a routine method to improve the
ORR activity of non-precious metal catalysts in the future.

22

REFERENCES

[1]

Shirlaine Koh, and Peter Strasser. Journal of the American Chemical Society, 2007, 129 (42), pp
12624–12625.

[2]

Baeck S H, Choi K S, Jaramillo T F, et al. Advanced Materials, 2003, 15(15): 1269-1273.

[3]

Deepa M, Srivastava A K, Sharma S N, et al. Applied Surface Science, 2008, 254(8): 2342-2352.

[4]

Stein A, Schroden R C. Current Opinion in Solid State and Materials Science, 2001, 5(6): 553-564.

[5]

Deepa M, Srivastava A K, Sood K N, et al. Nanotechnology, 2006, 17(10): 2625.

[6]

Cheng W, Baudrin E, Dunn B, et al. Journal of Materials chemistry, 2001, 11(1): 92-97.

[7]

Cremonesi A, Djaoued Y, Bersani D, et al. Thin Solid Films, 2008, 516(12): 4128-4132.

[8]

Brezesinski T, Fattakhova Rohlfing D, Sallard S, et al. Small, 2006, 2(10): 1203-1211.

[9]

Lee S H, Deshpande R, Parilla P A, et al. Advanced Materials, 2006, 18(6): 763-766.

[10]

Chinese Chem. Eng, 2001, (11):30-32.

[11]

Shi F, Liu J X, Huang X, et al. Advanced Powder Technology, 2015, 26(5): 1435-1441.

[12]

Deepa M, Srivastava A K, Sharma S N, et al. Applied Surface Science, 2008, 254(8): 2342-2352.

[13]

Turgut G, Tatar D, Düzgün B. Asian Journal of Chemistry, 2013, 25(1): 245.

[14]

H. P. Myers (2002). Introductory Solid State Physics. Taylor & Francis. ISBN 0-7484-0660-3.

[15]

Karadeniz S M, Ekinci A E, Tatar D, et al. International Journal of Applied, 2014, 4(5).

[16]

Rietveld H M. Journal of applied Crystallography, 1969, 2(2): 65-71.

[17]

Gabriel C., Mauro R., Edson A. ACS Catalyst, 29 Jan 2018.

[18]

Brunauer S, Emmett P H, Teller E. Journal of the American chemical society, 1938, 60(2): 309-319.

[19]

Villa K, Murcia-López S, Morante J R, et al. Applied Catalysis B: Environmental, 2016, 187: 3036.

[20]

Lu Y, Jiang Y, Gao X, et al. Journal of the American chemical Society, 2014, 136(33): 11687-11697.

23

[21]

Choi D, Kumta P N. Journal of the American Ceramic Society, 2007, 90(10): 3113-3120.

[22]

Zhu X, Zhang P, Li B, et al. Journal of Materials Science: Materials in Electronics, 2017, 28(16):
12158-12167.

[23]

Grigoriev S A, Mamat M S, Dzhus K A, et al. International Journal of hydrogen energy, 2011, 36(6):
4143-4147.

[24]

Surendar T, Kumar S, Shanker V. Physical Chemistry Chemical Physics, 2014, 16(2): 728-735.

[25]

Sulaeman U, Yin S, Sato T. Advances in Nanoparticles, 2013, 2(01): 6.

[26]

Kudo A, Miseki Y. Chemical Society Reviews, 2009, 38(1): 253-278.

[27]

Li J, Li B, Li J, et al. Journal of Industrial and Engineering Chemistry, 2015, 25: 16-21.

[28]

Ravikovitch P I, Neimark A V. Langmuir, 2000, 16(6): 2419-2423.

[29]

Meksi M, Turki A, Kochkar H, et al. Applied Catalysis B: Environmental, 2016, 181: 651-660.

[30]

Ökte A N. Applied Catalysis A: General, 2014, 475: 27-39.

24

APPENDIX A:

COPYRIGHT PERMISSIONS

A.1 Permission for the Use of Figure 1 in Chapter 1

A.2 Permission for the Use of Figure 3 in Chapter 2

25

APPENDIX B:

CALCULATIONS

B.1 Calculations for Chapter 3
The Scherrer equation used to calculate mean crystallite size is:
D=

𝑘𝜆
𝛽𝑐𝑜𝑠𝜃

where k is the shape factor (0.89), λ is the wavelength X-ray used (1.5418 Å), β is the full width at half
maximum and θ is the scattering angle. Here the grain size of c direction was calculated thus the diffraction
peak (200) of WO3 and La was studied.
Table B1. Calculations of mean crystallite size
WO3

La

2θ/°

β

D/nm

2θ/°

β

D/nm

Pure WO3

23.65

0.596

0.235

-

-

-

La/WO3 1:20

24.51

0.441

0.318

56.12

0.383

0.406

La/WO3 1:10

24.10

0.313

0.448

55.80

0.296

0.524

La/WO3 1:5

24.13

0.175

0.802

55.88

0.257

0.605
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